INTRODUCTION {#S1}
============

Gastric cancer (GC) is the 4th-most common cancer and the 2nd-highest cause of cancer death worldwide.^[@R1]^ As with other types of cancer, GCs are heterogeneous, and GC carcinogenesis is a multistep process involving diverse environmental and molecular genetic factors.^[@R2],[@R3]^ Mechanisms underlying this process are still poorly understood. Recent studies have focused on long non-coding RNAs (lncRNAs) in human cancer pathogenesis, but little is known regarding their involvement in GC.

The term "noncoding RNAs" generally refers to RNAs that are transcribed into RNA but not translated into proteins. lncRNAs are defined as being greater than 200 nucleotides in length, which distinguishes them from small noncoding RNAs.^[@R4]^ However, as the structures and functions of noncoding transcripts become better characterized, it is becoming clear that classification based on this arbitrary definition is not very useful. Antisense (AS) transcripts (ASTs), defined as RNAs that are reverse complements of their endogenous sense counterparts, frequently do not encode proteins.^[@R5],[@R6]^ Approximately 50-70% of lncRNAs are classified as ASTs, comprising a substantial proportion of the entire long noncoding transcriptome.^[@R5],[@R7]^ For many years, their importance was overlooked due to their heterogeneity, low expression levels, and unknown functions. Recently, however, ASTs have garnered increased attention due to their highly locus-specific effects. One major emerging theme concerns the effects of ASTs on their neighboring protein-coding genes. As with the broader class of all lncRNAs, ASTs appear to function in a highly cell type-specific manner, exerting *trans* or *cis* effects on other genes that include suppression, activation, or homeostatic adjustment, and their mechanisms of action range from transcriptional regulation by gene promoter activation to post-transcriptional regulation by controlling mRNA stability and translatability.^[@R8]-[@R11]^ For example, aHIF, the antisense RNA transcript to HIF1-alpha, is overexpressed and acts to reduce HIF1-alpha protein levels in non-papillary clear-cell renal carcinoma^[@R12]^, breast cancer^[@R13]^ and paraganglioma^[@R14]^. ANRIL, an antisense noncoding RNA at the INK4b/ARF/INK4a locus, represses expression of its cognate sense mRNA cluster to promote cell growth in prostate cancer^[@R15]^, acute lymphoblastic leukemia^[@R16]^, glioma, and melanoma^[@R17]^. AChE-AS, another AS RNA, directly represses AChE expression via epigenetic modification of the AChE promoter region and exerts an anti-apoptotic effect in hepatocellular carcinoma cells.^[@R18]^ In contrast, bidirectional regulation between WDR83 and its natural AST DHPS shows concordant effects at both the transcriptional and translational levels in GC.^[@R19]^ Although divergent, these mechanisms suggest a potential mechanism by which transcriptional or post-transcriptional regulation of a sense gene is controlled through hybridization of an AST with its cognate sense mRNA to form a duplex in various diseases,^[@R20][@R21],\ [@R22]^ including cancer^[@R23]^. This mechanism has only recently been described, and such AST-sense RNA interactions may play pivotal roles in regulating inducible gene expression at the transcriptional or post-transcriptional levels in GC.

In the current study, we focused on the regulatory effects of one particular AST in GC. First, a next-generation sequencing analysis of human GC tissues and cell lines was performed, which identified marked and consistent upregulation of the AS lncRNA, RP3-416H24.1, relative to normal control tissues and cells. We further found that RP3-416H24.1 is a single antisense oligonucleotide RNA transcribed from the negative strand of Homo sapiens keratin 7, type II (KRT7), a protein-coding gene. The type II cytokeratins are basic or neutral proteins arranged in pairs of heterotypic keratin chains and co-expressed during differentiation of simple and stratified epithelial tissues.^[@R24]^ Although KRT7 overexpression has been observed in many neoplastic diseases, including cervical ^[@R25]^, esophageal squamous cell^[@R26]^, and colorectal cancers^[@R27]^ and is involved in several cancer-related pathways, including cytoskeletal signaling and the EGFR1 pathway,^[@R28]-[@R30]^ a knowledge gap remains. Most previous studies focused on correlations between KRT7 immunohistology and clinical pathology or prognosis, rather than on its molecular carcinogenic mechanism(s). We felt that by studying KRT7-AS in GC, we could gain insight into carcinogenic mechanisms of KRT7.

We first determined whether KRT7-AS was concordantly or discordantly upregulated with its cognate coding mRNA, KRT7, in GC-derived cell lines and tissues. We then established that KRT7-AS stabilizes KRT7 mRNA by forming an RNA-RNA duplex with it and increasing steady-state KRT7 expression at both the transcriptional and post-transcriptional levels. In addition, we demonstrated stimulatory effects of KRT7-AS on GC cell growth and cell cycle progression. The current findings suggest that the duplex formed by KRT7-AS and KRT7 mRNA increases steady-state KRT7 expression levels in GC. These data also justify studies of other ASTs that may promote carcinogenesis by stabilizing their cognate sense transcripts in other cancers.

RESULTS {#S2}
=======

Identification of an Overlapping AS Transcript at the KRT7 Gene Locus {#S3}
---------------------------------------------------------------------

First, in order to identify novel oncogenic lncRNAs in gastric cancer, we performed next-generation RNA sequencing (RNA-seq) on 9 different samples (2 matched normal tissue (NT)-GC tissue pairs; 1 normal gastric epithelial tissue; 3 unmatched GC tissues; 2 gastric cancer cell lines, NCI-N87 and MKN28; and 1 immortalized normal gastric epithelial cell line, HFE145). This analysis identified 22,740 lncRNAs that were expressed in GC tissues and cells, 12,882 of which were upregulated in GC tissues and cells relative to NTs and normal gastric cells. We prioritized for further study those lncRNAs showing the highest absolute expression levels in GC tissues and cells (normalized copy number \>30; [Online Supplementary Table S1](#SD3){ref-type="supplementary-material"}). We excluded lncRNAs with normalized copy numbers \<8 in any single tumor sample. This filtering process yielded 4 lncRNAs (H19, UCA1, RP11-297P16.4 and RP3-416H24.1). Notably, the lncRNA H19 is already known to be overexpressed in cancers of multiple organs^[@R31]-[@R34]^, including GC^[@R35],\ [@R36]^. Thus, the identification of H19 appears to underscore the validity of our filtering approach.

We then proceeded to validate differential expression of the three novel candidate lncRNAs: UCA1, RP11-297P16.4 and RP3-416H24.1. qRT-PCR analyses of these three lncRNAs in 5 GC-derived cell lines (NCI-N87, KATOIII, SNU5, MKN28, and AGS) *vs.* immortalized normal gastric epithelial cells (HFE145) revealed that RP3-416H24.1 was significantly overexpressed in two GC cell lines (MKN28 and KATOIII), by 31-fold and 45-fold, respectively (*P*\< .01; [Figure 1A](#F1){ref-type="fig"}, primers indicated in [Figure 1B](#F1){ref-type="fig"}). RP3-416H24.1 was also overexpressed in NCI-N87 and AGS cells (2.4- and 1.5- fold, respectively; *P*\>.05, [Figure 1A](#F1){ref-type="fig"}), but significantly downregulated in SNU5 cells (0.4-fold; *P\<.*01, [Figure 1A](#F1){ref-type="fig"}). UCA1 exhibited diminished expression in KATOIII, SNU5, MKN28, and AGS gastric cancer cells but \>1.8-fold increased expression in NCI-N87 gastric cancer cells (data not shown). RP11-297P16.4 exhibited decreased expression in NCI-N87 (0.0004-fold), SNU5 (0.0002-fold), and AGS (0.0005-fold) cells but increased expression in MKN28 and KATOIII cells (1.53- and 8.43-fold, respectively; data not shown). Since we were most interested in highly overexpressed lncRNAs, we chose RP3-416H24.1 and the GC cell lines MKN28 and KATOIII for further studies.

From the UCSC genome browser, RP3-416H24.1 (ENST00000546686 in Ensemble database; Genbank HG504773.1) was identified as a single antisense RNA that is transcribed from the negative strand of the Homo sapiens keratin 7, type II (KRT7) locus, located at chromosomal band 12q13.13, and consists of two exons positioned 708 bp apart ([Figure 1B](#F1){ref-type="fig"}). [Supplementary Table S2](#SD4){ref-type="supplementary-material"} shows the sequence including 50 bp 5'upstream to the transcription start site (TSS). There was no RNA polymerase binding consensus sequence (TATAAT and TTGACA) at positions -10 or -35 upstream of the TSS. It has been reported that AT-rich promoters exhibit lower expression and higher tissue specificity, properties known to define other lncRNA promoters; in addition, oligonucleotide repeats are frequently seen in lncRNA promoters.^[@R37],[@R38]^ In our case, however, only 45% A/T content was found within 50bp upstream of the KRT7-AS 5' transcription start site; nevertheless, mono-, di- and tri-nucleotide repeat-enriched patterns were indeed found. We heretofore refer to RP3-416H24.1 as KRT7 antisense (KRT7-AS) transcript. KRT7-AS shares a 213-nucleotide-long region with the seventh exon of KRT7 (from RefSeq NM005556) ([Figure 1B](#F1){ref-type="fig"}); we heretofore refer to this at the overlapping region (OL).

Next, we used single strand-specific RT-PCR (SSPCR) to identify KRT7-AS RNA as originating from the reverse strand of the KRT7 locus in MKN28 and KATOIII GC cells. Antisense strand-specific cDNA was obtained via first-strand reverse transcription (RT) using an antisense-specific RT primer. The RT primer site is indicated in [Figure 1B](#F1){ref-type="fig"}. Two primer sets were used to amplify KRT7-AS by PCR (primers are indicated in [Figure 1B](#F1){ref-type="fig"}). [Figure 1C](#F1){ref-type="fig"} shows that KRT7-AS was successfully amplified from antisense-specific RT cDNA, but that surprisingly, the "intron" separating exons 1 and 2 was not spliced out in either of the two GC cell lines studied (sequence-confirmed; data not shown). Unexpectedly, we were unable to amplify the complete sequence of KRT7-AS by 5' and 3' RACE PCR when attempting to validate the 5' transcription start site (TSS). We then employed an indirect method to verify whether this was the correct TSS, or whether other alternate TSSs existed: we attempted to amplify PCR fragments initating -20 bp or -48 bp upstream of the 5' TSS. (detailed in [Supplementary Figure S1](#SD7){ref-type="supplementary-material"}). Since DNase I treatment had been performed to exclude genomic DNA contamination during each RNA extraction (see *Materials and Methods*), these results proved the existence of a naturally-occurring AS RNA complementary to KRT7 in MKN28 and KATOIII cells, constituting a portion of the un-spliced primary transcript intron originating from the negative strand at the KRT7 gene locus, totaling 2 401 bp in length. A schematic representation is shown in [Figure 1B](#F1){ref-type="fig"}.

Expression Patterns of KRT7-AS and KRT7 mRNA in Gastric Cancer {#S4}
--------------------------------------------------------------

Many ASTs have been reported in eukaryotes, but their effects on their cognate coding genes remains unclear, including suppression or activation. In GC, modulatory effects of ASTs on neighboring genes has been reported only once before^[@R19]^. Therefore, we sought to elucidate the participation of KRT7-AS in KRT7 regulation. We first delineated KRT7-AS and KRT7 mRNA expression patterns in GC-derived cell lines and tissues. Among the 5 GC cell lines tested, KRT7 mRNA was significantly upregulated only in MKN28 and KATOIII cells (by 1 931- and 1 916-fold, respectively; *P\< .*01, [Figure 2A](#F2){ref-type="fig"}) among the 5 GC cell lines tested relative to HFE145 cells. Notably, KRT7 expression positively with KRT7-AS expression in all 5 GC cell lines tested (R=0.971, *P\< .*01). In matched NC-GC tissue pairs obtained from 31 GC patients (23 men and 8 women, 63.77± 14.23 years of age), KRT7-AS expression was significantly elevated relative to corresponding normal tissue in the majority of GC tissues studied (22/31; average fold-change 4.10, paired *t-*test *P*-value \< .01; [Figure 2B](#F2){ref-type="fig"}). Similarly, KRT7 mRNA expression was significantly elevated compared with corresponding normal tissue in the majority of GC tissues studied (24/31; average fold-change 27.75, paired *t-*test *P*-value \< .05; [Figure 2C](#F2){ref-type="fig"}). Levels of KRT7-AS and KRT7 mRNA were positively correlated in GC tissues (R=0.699, *P\< .*001; [Figure 2D](#F2){ref-type="fig"}). Concordant co-regulation has been demonstrated for other sense-antisense RNA pairs.^[@R20],[@R21]^ Interestingly, in the same samples, KRT7 mRNA levels were much higher than KRT7-AS levels. Specifically, In MKN28 and KATOIII cells, KRT7 mRNA was 61- and 41- fold higher than KRT7-AS, respectively (*P*\< .01). Similarly, in 22 GC tissues, average expression of KRT7 mRNA was 7-fold higher than KRT7-AS (*P*\< .01).Next, we sought to determine the subcellular distribution of KRT7-AS and KRT7 mRNAs in MKN28 and KATOIII cells. KRT7-AS was principally localized to the nucleus in both cell lines, suggesting that KRT7-AS may function mainly in the nucleus ([Supplementary Figure S2](#SD8){ref-type="supplementary-material"}). Moreover, in a panel of diverse human tissue-derived RNAs, we found a similar concordant expression pattern of KRT7-AS and its sense partner mRNA KRT7 ([Supplementary Figure S3](#SD9){ref-type="supplementary-material"}).

KRT7-AS Controls KRT7 Expression at both the RNA and Protein Levels {#S5}
-------------------------------------------------------------------

To identify any direct link between the levels of KRT7-AS and KRT7 mRNAs, we first transiently downregulated KRT7-AS in MKN28 and KATOIII cells. siRNA target sites were designed to target only non-KRT7-overlapping regions of KRT7-AS ([Supplementary Figure S4A](#SD10){ref-type="supplementary-material"}). Downregulation of KRT7-AS by siRNAs in both cell lines ranged from 30-50% (*P*\< .05, [Supplementary Figure S4B](#SD10){ref-type="supplementary-material"}). KRT7 mRNA levels were decreased by \>30% (*P*\< .01) after downregulation of KRT7-AS in MKN28 cells, whereas no significant change in KRT7 mRNA levels occurred in KATOIII cells ([Supplementary Figure S4C](#SD10){ref-type="supplementary-material"}). In addition, no differences in KRT7 protein expression were observed after KRT7-AS downregulation in either of the two GC cell lines studied ([Supplementary Figure S4D](#SD10){ref-type="supplementary-material"}).

We then transiently overexpressed full-length KRT7-AS in MKN28 and KATOIII cells ([Figure 3A](#F3){ref-type="fig"}): this resulted in significantly increased KRT7 protein levels in both cell lines ([Figure 3B](#F3){ref-type="fig"}). In contrast, KRT7 mRNA levels did not change significantly in either cell line ([Figure 3C](#F3){ref-type="fig"}). Thus, KRT7-AS appeared to augment KRT7 expression at the protein level, rather than at the level of mRNA accumulation.

To further assess whether KRT7 mRNA exerted any effect on KRT7-AS expression, we measured KRT7-AS levels after transfecting cells with siRNAs directed exclusively against the non-overlapping portion of the KRT7 mRNA ([Figure 4A](#F4){ref-type="fig"}). No change in KRT7-AS levels were detected after KRT7 mRNA knockdown (*P\> .*05, [Figure 4B](#F4){ref-type="fig"}). This observation suggested a lack of regulatory effect by KRT7 mRNA on its AS partner transcript.

Since forced KRT7-AS overexpression alone did not affect native KRT7 mRNA levels, we sought to determine whether it could increase KRT7 mRNA expression in cells pretreated with a KRT7-targeted siRNA. This experiment indeed showed that forced overexpression of KRT7-AS caused three-fold and two-fold increases of KRT7 mRNA levels in KRT7 siRNA-pretreated MKN28 and KATOIII cells, respectively (*P*\< .05, [Figure 4C](#F4){ref-type="fig"}). By Western blotting, forced overexpression of KRT7-AS also increased KRT7 protein levels in KRT7 siRNA-pretreated cells ([Figure 4D](#F4){ref-type="fig"}). [Figure 4E](#F4){ref-type="fig"} shows the efficiency of KRT7-AS overexpression in KRT7 siRNA-pretreated cells. We concluded that a substantial increase in KRT7 mRNA after forced KRT7-AS overexpression (but without KRT7 siRNA treatment) had not been previously detectable due to very high native KRT7 mRNA levels. In view of the above RT-PCR and Western blotting findings, we also inferred that regulation of KRT7 expression by KRT7-AS occurs at both the mRNA and protein levels.

KRT7-AS Increases KRT7 mRNA Stability by Forming an RNA Duplex {#S6}
--------------------------------------------------------------

It has been previously demonstrated that AS RNAs can form duplexes with their cognate sense mRNAs, and that such complexes are protected from ribonuclease degradation.^[@R20],[@R21]^ We therefore used an RNase protection assay (RPA) to verify the hypothesis that KRT7-AS and KRT7 mRNA form a protective duplex, specifically at their overlapping region (213 nucleotides). Total RNA from MKN28 cells was used to test this hypothesis. RT-PCR data revealed that this overlapping portion was at least partially protected from RNase degradation ([Figure 5A](#F5){ref-type="fig"}).

To test whether KRT7 mRNA stability was augmented by KRT7-AS, we used α-amanitin, an inhibitor of RNA polymerase II (Sigma Aldrich), to block new RNA synthesis in MKN28 cells over a 24-h period, then measured subsequent levels of KRT7 mRNA. 18s ribosomal RNA was used as an internal control (18s ribosomal RNA, a product of RNA polymerase I, is not affected by α-amanitin treatment).^[@R19],[@R20]^ In MKN28 cells overexpressing KRT7-AS, we found increased stability of KRT7 mRNA *vs.* cells transfected with an empty vector ([Figure 5B](#F5){ref-type="fig"}).

The Mutually Overlapping Region Plays a Dominant Role in KRT7-AS Function {#S7}
-------------------------------------------------------------------------

After verifying the existence of a KRT7-AS/KRT7 mRNA duplex, we hypothesized that the KRT7-overlapping region of KRT7-AS is more important than other portions of KRT7-AS. We constructed an overlapping-region (OL)-only vector, a non-overlapping region (non-OL) vector, and a full-length (FL) vector for transfection of MKN28 and KATOIII cells ([Figures 6A](#F6){ref-type="fig"}). Overexpression efficiency of these three transfected vectors in MKN28 and KATOIII cells is shown in [Supplementary Figure S5](#SD2){ref-type="supplementary-material"}. The non-OL KRT7-AS vector failed to increase KRT7 protein levels in MKN28 and KATOIII cells, whereas both the OL and FL KRT7-AS vectors increased KRT7 protein levels, suggesting that this overlapping region is critical to the KRT7-buttressing function of KRT7-AS ([Figure 6B, 6C](#F6){ref-type="fig"}). However, for all 3 vectors, no significant changes in KRT7 mRNA levels were detected ([Figure 6D](#F6){ref-type="fig"}).

Overexpression of KRT7-AS in GC Cells Leads to Increased Proliferation and Migration {#S8}
------------------------------------------------------------------------------------

To determine potential functional consequences of activated KRT7-AS expression, in particular of its KRT7-overlapping portion, several *in vitro* assays were performed in MKN28 and KATOIII cells. Relative to cells transfected with empty vector, significantly increased growth of FL- and OL-KRT7-AS overexpressing cells was seen at day 5 in MKN28 cells (*P\< .*05, [Figure 7A](#F7){ref-type="fig"}). The growth rate of OL- and FL-vector-transfected cells was higher than that of empty vector- or non-OL vector-transfected cells at day 5 in KATOIII cells, although not significantly so ([Figure 7A](#F7){ref-type="fig"}). Consistent with results of cell proliferation assays, KRT7-AS-OL and -FL overexpression caused significant accumulation of cells in the S+G1/M phases of the cell cycle (*P\< .*05, flow cytometry results; [Figure 7B](#F7){ref-type="fig"}). Finally, both KRT7-AS-OL and -FL overexpression caused substantial increases in cell migration. Specifically, scratch assays revealed that KRT7-AS-OL and -FL overexpression caused substantial increases in cell migration at 48h and 72h ([Figure 7C](#F7){ref-type="fig"}), *P\< .*05.

Overexpression of KRT7-AS in GC Cells Partially Restores Decreased Proliferation Induced by KRT7 siRNA {#S9}
------------------------------------------------------------------------------------------------------

We observed a rescue effect of KRT7-AS FL-vector overexpression in MKN28 and KATOIII cells after decreased proliferation induced by KRT7 siRNAs (targeting the non-OL region of the KRT7 transcript). In MKN28 cells, the growth rate of KRT7 siRNA-treated cells was significantly slower than that of control siRNA-treated cells after Day 3 (*P*\< .05, [Figure 8A](#F8){ref-type="fig"}); a significantly higher growth rate of KRT7 siRNA + FL KRT7-AS vector- *vs.* KRT7 siRNA + empty vector-transfected cells was seen at Day 5 (*P*\< .05, [Figure 8A](#F8){ref-type="fig"}). In KATOIII cells, the growth rate of KRT7 siRNA-treated cells was significantly slower than that of control siRNA-treated cells after Day 1 (*P*\< .05, [Figure 8B](#F8){ref-type="fig"}); a significantly higher growth rate of KRT7 siRNA + FL KRT7-AS vector- *vs.* KRT7 siRNA + empty vector-transfected cells was seen after Day 3 (*P*\< .05, [Figure 8B](#F8){ref-type="fig"}).

DISCUSSION {#S10}
==========

Mechanisms of action of the vast majority of antisense lncRNAs, if they exert any activity, remain largely unknown. Herein, we attempted to characterize an AST identified by RNA deep sequencing of GC tissues and cell lines. This study allowed us to make a number of observations. Firstly, we identified a previously unstudied antisense lncRNA, KRT7-AS (Genebank accession ID: HG504773.1). Unlike the protein-coding genes, there was no RNA polymerase binding consensus sequence in its promoter region; this finding is consistent with previous reports of lncRNA gene regulation.^[@R38]^ It has also been reported that relative to promoters of protein-coding genes, A/T-rich regions or mono-, di and tri-nucleotide repeat patterns occur in lncRNA promoters. These promoter patterns also correlate with lower expression levels but higher tissue specificity, properties known to define lncRNAs.^[@R37],[@R39]^ Secondly, we found that KRT7-AS is concordantly upregulated with its coding sense partner, KRT7, in GC tissues and cell lines. Thirdly, we found that forced overexpression of KRT7-AS in GC cells resulted in increased KRT7 mRNA and protein accumulation in KRT7 siRNA-pretreated cells. Fourthly, we showed that KRT7-AS and KRT7 form an RNA-RNA duplex structure that protects KRT7 mRNA from RNase degradation. In addition, we found that the region of KRT7-AS that overlaps with KRT7 (designated "OL") exerts the most dominant protective effect. Only forced overexpression of this OL region or the full-length KRT7-AS increased KRT7 protein levels, whereas the non-OL region did not. Finally, forced overexpression of OL- or FL-KRT7-AS resulted in increased GC cell growth, S-phase entry, and migration in MKN28 cells. A promotional effect on proliferation was even more obvious in KRT7 siRNA-pretreated cells. Taken together, these findings suggest that KRT7-AS stabilizes KRT7 mRNA by forming an RNA-RNA duplex, which in turn upregulates steady-state KRT7 expression at both the RNA and protein levels, thereby supporting GC development and/or progression.

Two types of regulation may occur between an AS and its cognate sense mRNA: discordant or concordant.^[@R5],[@R6],[@R40]^ Researchers have ascribed these patterns to the relative position of AS/sense pairs. According to the proximity between AS and sense partners in the genome, these pairs are classified as (1) nearby-to-head, when the 5\' end of the sense gene is near the 5\' end of the antisense transcript; (2) nearby-to-tail, when the 3\' end of the sense gene is near the 3\' end of the antisense gene; these two forms also referred to as "intergenic;" (3) head-to-head or divergent, when the 5\' ends of both the sense and antisense genes align together; (4) tail-to-tail or convergent, when the 3\' ends of both the sense and antisense genes align together; and (5) fully overlapping, when the antisense gene completely overlaps its sense counterpart.^[@R9]^ Nevertheless, to our knowledge, no functional relevance has been found for these categories thus far. Our data suggested that KRT7-AS and KRT7 position themselves "tail-to-tail" and are expressed in a concordant manner. Moreover, this finding raises an important question: why is the sense transcript expressed at a greater magnitude than its (potentially regulatory) AS partner, i.e., why does KRT7-AS exhibit lower expression than KRT7 mRNA? Although intense investigations have been conducted into mechanisms of concordant regulation,^[@R9]-[@R11],[@R29]^ this phenomenon remains incompletely understood. In our case, we suggest that even without being expressed in equimolar amounts, ASTs can still exert biologically important functional effects on their sense partners. Alternatively, ASTs may have other regulatory effects on their sense partners, such as binding to or otherwise directly controlling their protein levels.

We explored the potential regulatory effect of KRT7-AS on KRT7 mRNA by siRNA assays. We transfected siRNAs targeting the non-overlapping region of KRT7-AS. Our siRNA-induced downregulation ranged from 30%-50%. Nevertheless, although KRT7 mRNA levels were decreased after siRNA-mediated KRT7-AS knockdown in MKN28 cells, no change was found in KATOIII cells; moreover, no effect on KRT7 protein levels was seen in either cell line. This lack of effect may have occurred because the KRT7-AS/KRT7 mRNA duplex exists in a steady state due to conformational changes in secondary or tertiary structure, resulting in low downregulation efficiency. To more clearly illustrate the regulatory effect of KRT7-AS on its sense partner, we studied KRT7 siRNA-pretreated cells. These experiments established that KRT7-AS controls KRT7 at both the mRNA and protein levels. Moreover, the OL portion of KRT7-AS alone exerted the same regulatory effect as did full-length (FL)-KRT7-AS. To our knowledge, this is the first data showing that the cognate sense gene-overlapping region of an AST can increase its protein levels. This finding diverges from previously reported concordant upregulation mechanisms. For example, Uchl1-AS controls Uchl1 only at the translational level, through 5' overlapping sequence and an embedded *SINEB2* repeat in a non-overlapping exon.^[@R22]^ Our findings, in conjunction with these previous studies, suggest that mechanisms of regulation between ASTs and their sense partners are more complex or subtle than previously believed.

Although endogenous RNA-RNA duplexes have been difficult to identify in human cells^[@R41]^, our RPA assays provided evidence that KRT7-AS and KRT7 mRNAs are capable of forming an RNA-RNA duplex at their complementary overlapping region. This duplex may act to alter the secondary or tertiary structure of KRT7 mRNA, thereby increasing its stability. Indeed, the stability of KRT7 mRNA was increased in KRT7-AS-overexpressing cells under α-amanitin treatment. This duplex forms at the exon adjacent to the poly(A) tail of KRT7 mRNA, where the deadenylation-dependent mRNA decay pathway is initiated, and the poly(A)-tail may be wrapped or folded inside a complicated secondary structure. This RNA duplex may therefore protect the 3' end of KRT7 mRNA from being targeted by the ribonucleolytic RNA exosome.^[@R19],[@R42]^ Another potential mechanism is associated with RNA duplex-mediated masking of microRNA binding sites within mRNAs. It has been reported that an AST can compete with microRNAs for binding sites, thereby obstructing microRNA-mediated regulation of target genes, which could increase mRNA stability and/or translation efficiency.^[@R19],[@R43],[@R44]^ Moreover, KRT7-AS may favor nuclear export of KRT7 mRNA or its interaction with the ribosome.^[@R22]^ However, these precise mechanisms require further study.

For some time now, KRT7 mRNA and protein levels have interested researchers because of their relationship to clinical prognosis in cancer patients. However, few studies have focused on potential KRT7 regulatory or carcinogenic mechanisms. Herein, we established KRT7-AS as a positive regulator of KRT7, which in turn exerts oncogenic effects. We evaluated the biological function of KRT7-AS in GC cells. We showed that KRT7-AS is involved in GC pathophysiology by increasing cell proliferation, promoting entry into S-phase, and stimulating migration.

In summary, we have shown that KRT7-AS expression levels are substantially increased in GC tissues *vs.* normal adjacent tissues, as well as in GC-derived cell lines. This elevated expression of KRT7-AS, its stimulative role in cell proliferation and the cell cycle, and its promotion of cell migration suggest that KRT7-AS upregulation is involved in the development and/or progression of GC, and that KRT7-AS (particularly its KRT7-overlapping portion) exerts these functions by forming an RNA-RNA duplex with its cognate sense transcript, thereby increasing KRT7 at both the mRNA and protein levels. Thus, KRT7-AS illustrates a novel type of long non-coding antisense RNA function in GC in particular, as well as in carcinogenesis in general.

MATERIALS AND METHODS {#S11}
=====================

Cell culture {#S12}
------------

This study used 4 established human GC-derived cell lines (MKN28, KATOIII, AGS, NCI-N87, SNU5) as well as immortalized normal gastric epithelial cells (HFE145). See [Supplementary Materials and Methods](#SD1){ref-type="supplementary-material"}.

Tissue specimens {#S13}
----------------

Primary tissue samples were obtained during surgical resections performed for clinical indications. All patients provided written informed consent under protocols approved by the institutional review board at the Johns Hopkins University School of Medicine. All tissue samples were pathologically confirmed as GC. Patient descriptions are listed in [Supplementary Table S4](#SD6){ref-type="supplementary-material"}). For detailed information, see [Supplementary Materials and Methods](#SD1){ref-type="supplementary-material"}.

RNA extraction, Nuclear and Cytoplasmic RNA separation, Next-generation RNA sequencing (RNA-seq), Small interfering RNAs, Plasmid construction and Cell transfection and treatment, Quantitative real-time polymerase chain reaction (PCR), PCR procedure, single strand-specific PCR (SS-PCR), Ribonuclease Protection Assay (RPA), Stability and α-amanitin Treatment, Western blotting, Cell Proliferation Assays, Cell Cycle Analysis and Scratch Assays

These procedures were performed as previously described.^[@R20],[@R32],[@R45]^ and in [Supplementary Materials and Methods](#SD1){ref-type="supplementary-material"}.

Statistical analyses {#S14}
--------------------

Results of experiments were displayed as mean ± standard deviation(SD). Statistical analyses were performed using SPSS software (SPSS, Chicago, Illinois, USA). Experimental results were evaluated using the two-tailed Student's t-test or Pearson correlation test. Statistical significance was noted at *P\< .*05, *P\< .*01, or *P\< .*001. Data were shown as mean ± standard deviation (SD). Error bars in figures indicate the SD value. Three independent triplicate experiments were performed for all cell biological assays, unless otherwise stated.

Supplementary Material {#SM}
======================

###### 

Supplementary Figure S4. Regulatory function of KRT7-AS downregulation to KRT7

A. Target sites of four siRNAs to KRT7-AS. Black triangles represent target sites of four different siRNAs specific to KRT7-AS which all avoid the region overlapping with KRT7 mRNA. B. Knockdown efficiency of KRT7-AS siRNAs in MKN28 and KATOIII gastric cancer cells. Expression levels were normalized to control-siRNA transfected cells. \* *P\< .*05, \*\* *P\< .*01. C. KRT7 mRNA levels were lower in MKN28, but not in KATOIII cells, after KRT7-AS knockdown. Expression levels were normalized to control siRNA- transfected cells. \*\* *P\< .*01. D. Western blot shows no change in KRT7 protein (keratin7) level after KRT7-AS knockdown.

###### 

Supplementary Figure S5 Overexpression efficiency of KRT7-AS FL-, OL- and non-OL vectors in MKN28 and KATOIII cells.

A. Schema representation of qPCR amplified region of KRT7-AS. Colored stick below the transcript with Part 1, 2 and 3 denotation represent designed detection regions of KRT7-AS. B. upper, middle and lower panels indicate qPCR result of three different part in KRT7-AS amplification by qPCR in MKN28 cells after transfected 3 vectors. C. upper, middle and lower panels indicate qPCR result of three different part in KRT7-AS amplification by qPCR in KATOIII cells after transfected 3 vectors. Expression levels were normalized to empty vector- transfected cells. \* *P\< .*05, \*\* *P\< .*01.

###### 

Supplementary Figure S1. Verification of the start-point in KRT7-AS.

A. Indication of the sites of primers and possible PCR product. Small orange arrows show the forward primers. Small blue arrows show the reverse primer. "-"or "+" followed numbers show the first base position relative to the start-point. "-"means upstream of the start-point. "+"means downstream of the start-point. Numbers between the arrows indicate the possible PCR product. B. RT-PCR detected the expression of short fragment of KRT7-AS RNA from the antisense-specific strand reverse-transcribed cDNA. Cellular origin of the cDNA template is indicated above the lanes. M, Gene ruler expression ladder (SM1551, Life technology). Numbers above the lanes: 1, Fragment 1; 2, Fragment 2; 3, Fragment 3. Scale is illustrated at left.
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Supplementary Figure S2. Subcellular distribution of KRT7-AS and KRT7 mRNA in MKN28 cells and KATOIII cells.

A. KRT7-AS distributes mainly in nucleus fractions of MKN28 and KATOIII cells. B. KRT7 mRNA distributes mainly in cytosolic fraction of MKN28, whereas distributes mainly in nucleus of KATOIII cells. RNAs were separated from cytosolic or nuclear fractions of both cells. Cyto, cytosolic; nuc, nucleus. \*\*, *P*\< .01.
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Supplementary Figure S3 .Expression profiling of KRT7-AS and KRT7 mRNA in 20 different normal human organs.

A. Expression profiling of KRT7-AS in 20 different normal human organs. B. Expression profiling of KRT7 mRNA in 20 different normal human organs. Expression levels are shown as log~2~-fold change *vs.* skeletal muscle control cDNA.
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![Identification of an overlapping antisense transcript at the KRT7 gene locus\
A. 5 gastric cancer-derived cell lines were tested: SNU5, NINC87, AGS MKN28 and KATOIII. KRT7-AS RNA expression was elevated in MKN28 and KATOIII. Expression level was normalized to HFE145 normal gastric epithelial cells.\* *P\< .*05; \*\* *P\< .*01. B. Upper chart of this panel shows genome organization of the KRT7 gene at locus 12q13.13. The chart shows the start and end positions of these genes as indicated on the UCSC site (Genome Bioinformatics). Black arrows indicate transcription direction, and blue blocks are exons. The schema is in scale. "+"at both sides of strand represents the positive strand; "-"represents the negative strand. Lower chart of this panel is a schematic representation of RP3-416H24.1 (ensemble gene transcript ENST00000546686, on the minus DNA strand) and KRT7 mRNA (RefSeq gene NM_005556 on the positive DNA strand). The schema is not drawn to scale. Blocks with colors (green, blue and red) represent exons. Red block in KRT7-AS transcript represents overlapping region (OL). Red block in KRT7 mRNA represents the seventh exon and also OL region. "E" followed by number connotes exon and serial number. Block filed with grey color represents intronic portion of KRT7-AS. Black arrows represent direction of transcription. Dotted filed lines between colored blocks represent introns in KRT7. Primer sites were indicated as follows: a, KRT7-AS-specific RT-primer/KRT7-AS qPCR reverse primer; ①KRT7-AS qPCR forward primer; ②KRT7-AS PCR reverse primer; ③KRT7-AS PCR forward primer;④KRT7 mRNA qPCR forward primer; ⑤KRT7 mRNA qPCR reverse primer. "+"at both sides of strand represents the positive strand; "-"represents the negative strand. C. Antisense-specific RT-PCR screen for KRT7-AS. Antisense-specific RT-PCR detected expression of KRT7-AS RNA from the antisense strand in KATOIII and MKN28 cells. M, Gene ruler expression ladder (SM1551, Life technology); scale is illustrated at left. The cellular origin of the cDNA templates are: Lane 1, no template; Lane 2, genomic DNA PCR control (Applied Biosystems, Foster City, California, USA), Lane 3, KATOIII; Lane 4, MKN28;. cDNAs were reverse-transcribed using KRT7-AS-specific RT-primer. PCR products were amplified using KRT7-AS PCR forward/reverse primer pairs. Sites are indicated in [Figure 1C](#F1){ref-type="fig"} as "a",②,③.](nihms-745054-f0001){#F1}

![Expression pattern of KRT7-AS and KRT7 mRNAs in cell lines and tissues\
A. 5 GC-derived cell lines were measured: SNU5, NCI-N87, AGS, MKN28 and KATOIII. KRT7 mRNA was highly expressed in MKN28 and KATOIII human gastric cancer cells. Expression levels were normalized to HFE145 normal gastric epithelial cells. \*\*, *P\< .*01. B. Expression of KRT7-AS in 31 gastric cancer tissues. Expression levels are shown as log~2~-fold change *vs.* matching normal adjacent tissue. C. Expression of KRT7 mRNA in 31 gastric cancer tissues. Expression levels are shown as log~2~-fold change *vs.* matching normal adjacent tissue. D. Correlation between KRT7-AS and KRT7 mRNA expression in gastric cancer tissues.](nihms-745054-f0002){#F2}

![Regulatory function of KRT7-AS overexpression to KRT7\
A. Overexpression of KRT7-AS in MKN28 and KATOIII cells after vector transfection. B. Western blot illustrates increased keratin 7 protein levels in both MKN28 and KATOIII cells after forced KRT7-AS overexpression. C. Unchanged KRT7 mRNA levels in MKN28 and KATOIII cells after forced KRT7-AS overexpression. Expression was normalized to empty vector-transfected cells.](nihms-745054-f0003){#F3}

![Regulatory function of KRT7 mRNA downregulation to KRT7-AS and the rescue effect of KRT7-AS overexpression in KRT7 mRNA-downregulated cells\
A. Target sites of two siRNAs to KRT7 mRNA. Black triangles represent target sites of two different siRNAs specific to KRT7 mRNA which all avoid the region overlapping with KRT7-AS. B. No change of KRT7-AS transcript was detected after KRT7 mRNA downregulation. Expression levels were normalized to control-siRNA transfected cells. C. Left panel: Overexpression of KRT7-AS led to a three-fold upregulation of KRT7 mRNA in KRT7 mRNA-downregulation MKN28 cells. Right panel: Overexpression of KRT7-AS led to a two-fold upregulation of KRT7 mRNA in KRT7 mRNA-downregulated KATOIII cells. Expression levels were normalized to control-siRNA and empty vector transfected cells. \*, *P*\< .05; \*\*, *P*\< .01. D. Western blot illustrates increased keratin 7 protein levels in KRT7 mRNA-dowregulated MKN28 and KATOIII cells after forced KRT7-AS overexpression. E. Overexpression efficiency of KRT7-AS vector in the KRT7 mRNA-downregulated MKN28 and KATOIII cells. Expression levels were normalized to control-siRNA and empty vector transfected cells. \*\*, *P*\< .01.](nihms-745054-f0004){#F4}

![KRT7-AS and KRT7 mRNA form a duplex RNA-RNA structure at their mutually overlapping region, which protects KRT7 mRNA from degradation\
A. Upper chart is a schematic representation of the PCR amplification region for overlapping (OL) and non-overlapping (non-OL) regions of KRT7-AS. Lower gel images illustrate OL and non-OL RT-PCR products in various samples. Total RNA was extracted and purified, single-stranded RNA was digested with increasing amounts of RNase A+T (indicated by the black wedge and multiple "++++") and the remaining double-stranded RNA was subjected to RT-PCR to amplify the overlapping or non-overlapping regions of KRT7-AS. B. Stability of KRT7 mRNA over time was measured by qPCR relative to time 0 after blocking new RNA synthesis with α-amanitin (50 mM) (indicated with black arrow). MKN28 cells were transfected with KRT7-AS-containing vector or empty vector for 24 h, then further exposed to 50 mM α-amanitin for 6, 12 or 24 h. Cells were harvested, and the stability of the KRT7 mRNA was analyzed by qPCR. 18S RNA, a product of RNA polymerase I, was used as a control and was unchanged after α-amanitin treatment.](nihms-745054-f0005){#F5}

![The OL region of KRT7-AS only increases KRT7 protein level, but has little effect on KRT7 mRNA level\
A. Schema of KRT7-AS full-length (FL) vector, overlapping (OL) vector, and non-overlapping (non-OL) vector construction. B. Keratin 7 protein level increased in MKN28 cells after OL- and FL-vector transfection, but no change occurred in non-OL vector-transfected MKN28 cells. C. Keratin7 protein level increased in KATOIII cells after OL- and FL-vector transfection, but no change occurred in non-OL vector-transfected KATOIII cells. D. KRT7 mRNA levels did not change substantially in KRT7-AS OL-, FL- or non-OL vector-transfected MKN28 cells and KATOIII cells. Expression was normalized to empty vector-transfected cells.](nihms-745054-f0006){#F6}

![Overexpression KRT7-AS OL and FL promotes proliferation and migration of GC cells\
A. Cell proliferation assays in MKN28 and KATOIII cells. In MKN28 cells, KRT7-AS OL- and FL-overexpression induced significantly higher growth rates at day 5, *P\< .*05. In KATOIII cells, no significant change was found. B. Cell cycle analyses in MKN28 and KATOIII cells. Relative to empty vector-transfected cells, KRT7-AS OL- and FL-overexpression induced a significant increase in cells at S+G1/M phase. \*, *P* \< .05; \*\*, *P\< .*01. C. Scratch assay results in MKN28 cells. Significantly more cells migrated in KRT7-AS OL- and FL- overexpressing cells than in empty vector-transfected cells or non-OL-overexpressing cells; *P\< .*05.](nihms-745054-f0007){#F7}

![Rescue effect on proliferation by FL KRT7-AS overexpression in KRT7 siRNA--treated cells\
Cells were treated with either control siRNA + empty vector, KRT7 siRNA + empty vector, or KRT7 siRNA + FL KRT7-AS vector in cell proliferation assays. A. Growth rate in MKN28 cells. B. Growth rate in KATOIII cells.](nihms-745054-f0008){#F8}
